Wear resistance of ductile iron can be improved through dierent surface engineering techniques, each having some limitations and drawbacks. Recently, a new method called pulse plasma technology has been introduced, which through local reinforcement with inserts improves wear resistance of ductile iron without compromising other properties. This paper deals with the improvement of the wear resistance of ductile iron surface modied by pulse plasma technology using a tungsten electrode. The surfaces of the samples were treated by C3H8, air, and oxygen gases. The surface morphology and the phase structure in the near surface region of original and treated samples were analyzed with optic microscope, scanning electron microscope and energy-dispersive spectroscopy. The surface properties were evaluated by measuring the microhardness, wear properties and friction coecient, as well as the elemental depth proles and chemical composition of the modied layer. It was found that the microhardness of the treated samples was much higher. The tribological resistances were also signicantly improved, as conrmed by the reduced friction coecient and wear track width. This improvement can be attributed to the diusion of tungsten on the surface layer.
Introduction
Ductile irons have become a very popular topic as a result of their distinctive combination of high strength and toughness. This interest is to be expected because of the favorable combination of strength, toughness, and wear resistance that can be obtained from various grades of ductile iron compared with the conventional grades of metal alloys [1, 2] .
Attempts to increase the wear resistance of ductile iron by application of surface hardening techniques are successful. But some disadvantages and cost limit these techniques [35] . That is why an alternative surface treatment pulse plasma technology (PPT), which is cheap, has rapid heating rate and no limitation on toll size, is presently used. PPT is characterized by several process parameters: capacity, electrode, pulse number and distance between nozzle to sample. All these parameters are strongly correlated to each other and aect the nal hardening and modication layer thickness results; hence, process modeling seems to be a good approach to the process optimization [6, 7] .
The aim of this paper is to study the microstructure behavior of PPT treated ductile iron specimens. Hardness and tribological and wear behaviors before and after treatment were investigated.
Experimental procedure
Specimens of the ductile iron were produced in a commercial foundry. The chemical composition of the iron * corresponding author; e-mail: aayday@sakarya.edu.tr is given in Table I . Hardness of the ductile iron as-cast microstructure was equal to 280 HV 0.05 . Specimens of as--cast ductile iron were pulse plasma treated in accordance with the optimized experiment plan shown in Table II . PPT modied specimens were metallographically analyzed and a prole of microhardness of the hardened surfaces was determined. Wear tests were performed on untreated specimen and pulse plasma modied specimens to determine the wear resistance. All wear tests were carried out under dry sliding conditions at ambient temperature using a ball-on-disc friction and wear test machine. Tests were performed with nominal load of 1 N and a sliding speed of 0.1 m/s for a total sliding distance of 200 m. After the wear tests, width of wear scars were examined by scanning electron microscopy (SEM) and calculated the wear rate by the program of CSM tribometer to examine whether any change in wear behavior occurred as a result of the applied surface treatment.
(189) Figure 1ac shows microstructure of modied ductile iron. It shows the formation of the hardened layer at the pulse number range 10 to 20. G10 specimen, the modied layer shows a shallow structure. The hardness of G10 sample modied layer was maximum 515 HV 0.05 by the 10 number of pulse. The modied layer starts to grow into a nger at 15 pulse number; modication layer thickness was increased with increasing pulse number (Fig. 1b) . The G20 sample, modied by 20 number of pulse, layer was thickest and uniform on surface. The hardness of the modied layer was maximum 729 HV 0.05 . Fig. 1 . Cross-sectional optical micrographs of the pulse-plasma modied ductile iron: (a) G10, (b) G15, (c) G20. The cross section distribution of microhardness is shown in Fig. 2 . The hardness prole curve displayed a consistent trend for all pulse number. The cross-sectional microhardness increases with increasing pulse number. A rise in treatment from 10 to 20 pulse shows a significant increase in hardness of an additional 200 HV as shown in Fig. 2 . It is clear that the hardness of the pulse plasma treated layer is signicantly higher than that of the substrate due to the presence of tungsten element conrmed by EDS (Fig. 3) . Thus, hardening of the layer is attributed to the saturation of W. Figure 4ab shows the wear coecients and wear rates for the untreated, G10 and G20 specimens under 1 N load and at sliding speed of 0.1 m/s. It can be seen that changing the pulse number also causes change in the contact conditions conrmed by the coecient of friction (C.O.F.). It can be seen that PPT causes reduction in wear coecients and wear rates as compared to untreated specimen. The microhardness values of the modied samples indicate that pulse plasma treating has the potential to oer good wear resistance to the ductile iron by increasing their hardness. Decreasing the number of pulse was most eective on wear resistance, because the W ratio was changed within the PPT conditions. Worn surfaces of the ductile iron with pulse number 10 (G10) and pulse number 20 (G20) are shown in Fig. 5 . A severe adhesive wear was observed on the G10 specimens as revealed in Fig. 5a . Accordingly, the amount of the debris removed from the G10 specimen toward the sides of the wear track was much more than G20 specimen. Besides, the increasing pulse number reduces both the width of the wear track and the amount of the debris removed. The wear phenomenon occurred uniformly at the PPT modied with maximum pulse number specimen (Fig. 5b) . It can be seen that the worn surfaces are comparatively smooth with little ploughing and small debris.
Conclusion
The paper has demonstrated that PPT process can be used for surface modication of ductile iron. The hardness of the pulse plasma treated layer was signicantly higher than that of the substrate due to the presence of tungsten element. The average hardness in the modied layer of G10, G15, G20 is 515, 700, and 729 HV 0.05 , respectively, and was higher than that of the untreated sample (280 HV 0.05 ). The C.O.F. and the nature of wear grooves depended on the hardness of the surface. W reinforced surface provides better wear resistance of ductile iron, at the same improving its friction properties.
